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Abstract: 1In- and out-of-plane angular distributions have been measured for
sequential a?pha‘decay from target-like fragments produced in fully
relaxed heavy-fon collisions. At angles equal to or larger than the
target-recoil direction, the a-particle energy spectra are evaporation-
like and the in-plane angular distributions are consistent with isotropy
in the rest frame of the target recoil. The out-of-plane distributions
exhibit an anisotropy of approximately two. Fragment spins were
extracted from these distributions as a function of mass asymmetry.
These spins are in agreement with those obtained from a simultaneous
gamma-ray multiplicity measurement. Both the fragment kinetic energies
and intrinsic spins are consistent with rigid rotation of an intermedi-
ate complex consisting of two substantially deformed spheroids in near

proximity.
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1. Introduction
Studies of deep inelastic (DI) heavy ion collisions have led to the

9

concept of a short-lived, rotating dinuclear complex which, after dissi-
pating a variable amount of the entrance channel kinetic energy, separates
into projectile-like and target-l1ike fragments. Measurements of the energy
loss are sensitive to both the radial and tangential components of the fric-
tional force. On the other hand, measurements of the angular momentum
imparted to the final fragments specifically probe the tangential component
of the frictional forceng This spin transfer process has been investigated
by determining either the sum of the spins of the two fragments, or the spin
of an individual fragment. The sum of the spins has been extracted from
Y-ray multiplicity data3=9, MY” whereas the spin of an individual fragment
has been commonly extracted from the out-of-plane angular distributions of
sequential fission fragmentsgioﬁ13 The determination of both the individual
spin and the sum of the spins for the same system would be of a great
interest because from this information one can determine the partitioning of
angular momentum within the dinuclear complex. Unfortunately, if sequential
fission occurs with a sufficiently high probability to make extraction of an
individual spin experimentally feasible, then the relation between MY and the
spin of the primary fragments is greatly obscured. This is due to the fact
that the fissioning nucleus loses a substantial amount of its intrinsic spin
to orbital angular momentum of the fission fragments. This difficulty can be
substantially reduced by employing the sequential emission of light particles
as the probe of the spin of one of the DI fragmentse14*17 Light particle
emission generally converts a much smaller fraction of the DI fragment's

intrinsic spin into orbital angular momentum than does sequential fission

and thus the difficulties of relating y-ray multiplicity data to spin are
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similarly reduced. Therefore, the determination of both the y-ray
multiplicity as well as the out-of-plane a-particle distributions for the
same system is an attractive combination of techniques.

For the system 280 MeV “Opr + 58

Ni, Babinet et a19915 have shown
that a-particle emission from the target recoil nucleus could be isolated by
careful selection of the detection énglesa Their results indicate that the
intermediate complex is rotating rigidly. For systems of similar mass, 175
Mev Pne + "ag (ref. 5) and 237 Mev Par + vp (ref. 9), M, data also
indicate rigid rotation of the dinuclear system. For much heavier systems
Tike 86Kr + 197/—\u and 86Kr + TGSHoathe evidence for rigid rotation is
indirect because of f2-wave fractionation effectss6

In this paper we report on an investigation of the transfer and
partition of angular momentum in é deep-inelastic reaction for a system
intermediate in mass between the Tight systems for which clear evidence for
rigid rotation exists and the heavier systems where the evidence is masked
by f-wave fractionation. A brief account of this work has appeared previ-

17 84Kr + natAg system was motivated

ously. The choice of the 664 MeV
by several considerations. To insure an easy connection between the
out-of-plane a-particle distributions and the original spin of the nucleus,
it is important to have mainly first chance o-particle emission. However, in
order for the experiment to be feasible, the a-particle multiplicity should
not be too small., The Kr + Ag system satisfies these conditions. In

addition, it has been shown’®'C

that in this mass region MY can be rather
directly related to the sum of {he intrinsic spins.

To extract the spin of one of the deep-inelastic fragments, we must be
able to measure the out-of-plane distribution of light particles which have

been emitted from only one of the deep-inelastic fragments. A velocity
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diagram of our experimental configuration is shown in Fig. 1. The circles
indicate the locus of points for the most probable a-particle emission from
fragments with atomic numbers 36 and 47. This figure indicates that if the
out-of-plane data are acquired at an in-plane angle equal to or larger than
the recoil direction, there should be 1ittle contamination from the
projectile-1ike fragment. It should be noted that our experiment is designed
to utilize the well-known and understood process of a-particle evaporation
from excited nuclei to extract information concerning the spins of these
nuclei. We are specifically trying to avoid%detecting nonevaporative emis-
sions, reports of which have appeared pro1ifica1fy in the literaturee3919’20

We will show that the a-particles observed in this experiment are the result

of evaporation from fully accelerated deep-inelastic fragments.

1. Experimental

In- and out-of-plane data were obtained in two separate experiments at
the Lawrence Berkeley Laboratory SuperHILAC. The experimental setup is
schematically depicted in Fig. 1b. Beams of 84Kr impinged upon natAg
targets with thicknesses of 0.97 mg/cm2 and 0.59 mg/cm2 for the in- and
out-of-plane runs, respectively. The target was placed in a holder that
could rotate about two perpendicular axes, thus allowing a choice of target
angle and tilt to minimize the energy loss of alpha particles and heavy ions
in the target. A gas ionization telescope (for the in-plane run) or a solid
state telescope (out-of-plane run) was used to detect the projectile-Tlike
fragment. The AE-E telescope served to define the reaction plane and to
identify the atomic number (Z) of the detected fragment. The Z-telescope was
placed at ¢Z = 2609 slightly behind the grazing angle, with solid angles
of 4.8 msr and 6.8 msr (corresponding to acceptance angles of iz,zo and

i2870) for the in- and out-of-plane experiments, respectively.
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On the opposite side of the beam, an arc with both in- and out-of-plane
arms was used to mount up to five light particle (LP) solid state AE-E tele-
scopes (40 um-5 mm). The arc was attached to a thin-walled domed 1id, which,
when placed on the scattering chamber, seated the foot of the arc into a
cradle on an externally movable arm. The error in the angle of any LP tele-
scope was estimated to be no more than 0.5%. The solid angles of the LP
telescopes were measured with a ZQ]Am source of known activity and the
relative efficiencies checked with a 2]ZPb source. The solid angles of the
LP telescopes agreed to within +3% of the geometric solid angle. Absorbers
ranging from 10.1 mg/cm2 Ta to 1 mg/cm2 Au were placed in front of the LP
telescopes to reduce the rates of heavy ions, X-rays, and low energy
electrons striking these counters. The detection threshold for a-particles
was approximately 10 MeV, primarily due to the thickness of the first element
of the telescope rather than to the absorbers,

An array consisting of eight (in-plane run) and seven {out-of-plane run)
7.6 x 7.6 cm Nal detectors was utilized to measure the y-ray multiplicity
(MY)Q These detectors were positioned above the reaction plane at an out-of-
plane angle of 45° and at a distance of 23 cm from the target. This
distance was sufficient to separate neutrons from Y rays by their time of
’f]‘i’gh"cgz3 In the out-of-plane run, an eighth Nal with a reduced solid
angle was used to obtain y-ray energy data.

Doubie (Z,LP), triple, higher order (Z, LP, XY) coincidence events, as
well as scaled down Z and LP singles events were recorded on magnetic tape
in an event-by-event format. Light particle singles data were obtained
every 5% from 20° to 105°. Coincidence data were obtained at 10

in-plane and 6 out-of-plane angles (with an in-plane projection approximately

coinciding with the target recoil direction). A real-to-random rate of ~40/1
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was obtained for the out-of-plane data, which was improved to ~100/7 for the
in-plane data by running slightly lower beam currents. A summary of the
angles, absorbers and solid angles for the coincidence data is provided in

Tahle 1.

ITT. Data and Analysis
1) Lab System

Detailed inclusive studieszz of the energy, charge and angular
distributions for the fragments produced in the Kr + Ag reaction have been
reported previously for several bombarding energies. A very prominent deep-
inelastic component has been observed with an associated broad charge
distribution and a forward peaked angular distribution. In Fig. 2a the
inclusive secondary charge distribution (after particle evaporation) measured
at by, 7 269 s shown. This charge distribution increases monotonically
as the Z-value increases toward symmetry, as has been observed in previous
inclusive studieszz, The atomic numbers of the projectile-like fragment
were identified up to Z = 41.

The fragment total kinetic energies (TKE) were calculated event-by-event
from the measured kinetic energies assuming two body kinematics and were
corrected for pulse-height-defect, absorber losses and particle evaporation
effects. Part b of Fig. 2 shows the TKE spectrum integrated over the
Z-values shown in part a. A strong DI component is observed that is wel]
separated from the quasielastic component. Since we were interested in
a-particle emission from fully relaxed collisions, only 7Z-a coincidence
events which satisfied the gate shown in Fig. 2b were analyzed. The high-
energy shoulder above the elastic peak is due to a small amount of a heavy
target contaminant which adds a negligible contribution to the DI-region of

the TKE spectra.
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Representative singles a-particle energy spectra are shown in Fig. 3a
for three Tab angles. An increase in the complexity of the spectral shape
is observed as the lab angle decreases from 90° to 30°. This is not
unexpected. Since the measured evaporation residue cross section for this
system is less than 50 mbzg, the only emission source that should signifi-
cantly contribute at backward angles is the target-like recoil, while at
forward angles both fragments, with a large variety of velocities, act as
emission sources. Requiring a coincidence with a DI fragment simplifies the
u—partic1é spectra as shown in Fig. 3b. These energy spectra, which are
generated with the requirement of a coincidence with a fragment having
26 <7 <40 and a TKE in the DI region, are shown for the same angles as
part a. At 90° the singles and coincidence spectra are similar. This
confirms our expectation that at this backward angle the bulk of the
o-particles are emitted from the target-like recoil. At 6003 the coincidence
spectrum again shows only one component, whereas the singles spectrum shows
an additional low-energy component. At the most forward angle the singles
spectrum is quite complex, whereas the coincidence spectrum can be qualita-
tively interpreted in terms of a strong component from the target recoil and
a weak one from the detected fragment. This Tatter component has a lower
energy in the lab system because it results from the backward emission from
a fast-moving source (see Fig. la).

The integrals of the a-particle energy spectra are shown in Fig. 4 as a
function of lab angle for both the singles a) and coincidence b) data. The
singles angular distribution shows a strong forward peaking. This anisotropy
is primarily due to the multiplicity of forward moving emission sources.
Setting the DI and Z-a coincidence requirements decreases the forward peak-

ing. This is the result of the Sgbstantial reduction of strongly forward
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peaked components, such as emission from the projectile-like fragment. To
determine whether or not the main component in the coincidence spectra
results from the statistical evaporation from the target-like DI product, the

energy spectra must be examined in the rest frame of the emitter,

2)  Rest frame

The velocity of the recoil fragment was calculated from the momentum of
the projectile-like fragment by invoking momentum balance and utilizing
masses calculated by assuming that the neutron to proton ratio is equili-
brated. Thus, for a given mass asymmetry, the charge asymmetry is that which
minimizes the sum of the liquid drop energies. Two dimensional plots of the
calculated values of both the TKE and recoil angle vs. the atomic number of
the detected fragment are shown in Fig. 5a and b, respectively. The cluster
of intensity at large TKE values and recoil angles of n70° with Z of 36 + ]
is attributable to elastic and quasielastic events. The DI component (see
Fig. 5a) shows a gradual increase in TKE as the system becomes more sym-
metric. For a deep-inelastic reaction the TKE is approximately the sum of
the Coulomb energy and the orbital rotational energy of the dinuclear
complex. The above TKE dependence results from the fact that the dominant
Coulomb term reaches a maximum for the symmetric dinuclear system.

In Fig. 5b it is seen that for the DI component the recoil angle varies
with mass asymmetry from approximately 100 for the lightest detected
fragments to 50° for symmetric divisions. For the region 26 </ <40, the
cross-section-weighted average recoil angle is b v 40° with a FWHM of

16°. The evaporation correction amounts to 7% for 7 = 36°.
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The in-plane angle associated with the out-of-plane detectors was

¢L = 4?09 approximately coinciding with the average direction of the

target-1ike recoil fragment. This in-plane angle was chosen after consider-

ing the problem of making the transformation from the lab system into the

rest frame of the target-like recoil. In Fig. 6 contours of equal in- (¢RF)

and out-of-plane (¢RF) angles in the rest frame of the emitter are plotted as

a function of the in- (¢L) and out-of-plane (6, ) lab angles. From this

L)
plot it can be seen that if one measures an out-of-plane distribution at a
fixed in-plane angle of say9¢L = 6009 then the out-of-plane distribution
starts at an in-plane angle of about 90° from the recoil in the rest frame.
However, when one reaches an out-of-plane lab angle of GL = 6009 corre-
sponding to Opp v 600s the in-plane angle in the recoil frame is Ppp v 130°,
The kinematics also indicates that at an in-plane lab angle of 6009 one can-
not observe out-of-plane angles greater than 60° in the frame of the recoil.
If the in-plane distribution of alpha particles has a dependence on ¢RF9th6ﬁ
the out-of-plane distributions at fixed ¢L could be quite complicated due to
the mixture of many ¢RF angles. On the other hand, if there is no dependence
on ¢RF§then all out-of-plane distributions would be identical except that the
maximum accessible out-of-plane angle in the rest frame (SRF) measurable at
fixed o decreases as ¢ increases. The considerations stated above led us
to choose the target recoil direction as the in-plane angle at which to
obtain the outwof-piane'distributions,

If the strong component observed in the coincident lab energy spectra is
the result of evaporation from the target-recoil nucleus, then the a-particle
spectra in the recoil frame should have the same spectral shapee Several
a-particle energy spectra in the recoil rest frame are shown in Fig. 7 for

representative in- and out-of-plane angles. These spectra were obtained in
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coincidence with projectile-like fragments (26 < Z < 40) having a TKE in the
DI window. With the exception of the 30° data, these spectra are well
described by an evaporation spectrum with a nuclear temperature, T, of
approximately 2.9 MeV. In addition the location of the peak of the energy
spectra is independent of angle in this rest frame. The small difference
observed in the peak positions for the in- and out-of-plane spectra is within
the uncertainty in the energy calibrations for the two experimental runs.

The two most forward angles (30O and 420) contain a weak low-energy
component, attributable to backward emission from the fast-moving projectile-
like fragment. The only feature in these spectra that is not understood in
terms of evaporation from excited nuclei is the excess of higher energy
(EEF = 15 MeV) ag-particles observed at the most forward angle (300)5

The uniformity of these spectra as a function of angle strongly suggests
that these g-particles are emitted from the fully accelerated target-like
fragment. This conclusion is also supported by the examination of the above
data in the center of mass of the compound system (Fig. 8). A shift in the
peak position to higher energies is observed as one moves to larger angles
implying that the true moving source must be moving in some direction with a
Targe P - ‘In fact, the magnitude of the shift in the peak seen in Fig. 8
can be readily understood if the rest frame is that of the target recoil.

Figures 7 and 8 indicate that the bulk of the emission is due to
evaporation from the target-like fragment. This is in itself an interesting
result apparently at variance with previous work249259 for a system that
has similarzs total mass and charge, suggesting that the bulk of light
particle emission arises from the compound system prior to scission. At the

present time, the reason for the difference between the results of the

present study and those mentioned above is unclear.
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The integrated in- and out-of-plane angular distributions expressed as
differential muTtip]icities}4 in the rest frame of the emitter, are shown
in Fig. 9a and b. (The weak low-energy component from the projectile-1ike
fragment, which is seen in the energy spectra of the most forward data, has
been subtracted.) The in-plane data exhibit very 1ittle angular dependence for
the eight most backward angles. This is consistent with isotropic in-plane
emission from the target-Tlike fragment. However, a substantial increase
above the average of these backward angles (dashed line) is seen for the two
most forward angles. This increase in yield is correlated with the high-
energy a-particles seen in the energy spectra for these forward measurements.
These a-particles have energies above 15 MeV in the rest frame of the recoil,
corresponding to a lab energy of 40 MeV,

In contrast to the in-plane angular distributions, the out-of-plane
yield decreases smoothly with increasing out-of-plane angle, exhibiting an
anisotropy of approximately 2. Integration of the differential multiplicity
over ¢RF and GRF results in an average total a-particle multiplicity of
0.47 for the DI products having Z values between 26 and 40.

Since the anisotropy of the out-of-plane angular distributions of
sequentially emitted particles should increase with the spin of the emitter,
it is of interest to see how sensitive these distributions are to the Y-ray
multiplicity. In Fig. 10a angular distributions for six Z-bins are shown.
(Here the distributions are labeled by the charge of the emitting fragment.)
In part b of this figure angular distributions are shown for the same Z bins
but with the additional requirement that two or more Yy rays be in coincidence
with the o-particle and the DI fragment. In the mass region covered by this
study, the y-ray multiplicity is linearly related to the sum of the spins of

9,18

the two fragments. Thus, requiring an increasing number of y-rays to be
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in coincidence with Z-a events should bias the fragment's spin distribution
towards larger values and result in a greater focusing of the angular
distribution into the reaction p?ane,% This effect is clearly seen when
parts a and b of fig. 10 are compared., For rigid rotation of the dinuclear
system, the individual fragment's spin changes strongly with the mass
asymmetry of the exit channel. In Fig. 10a a gradual sharpening of the
angular distributions as the charge of the emitter increases is evident,
tentatively indicating that the fragment spin does increase with the mass

asymmetry.

IV. Evaluation of the Fragment Spins
In order to extract fragment spins from the out-of-plane g-particle

26,27 To

distributions, we have utilized the formalism of Moretto et al.,
facilitate a comparison with other work and to stress the importance of the
various parameters, we have employed the formalism of ref. 27 at several
different levels of sophistication, each of which will be described in this
section.

Statistical mechanics predicts a Gaussian distribution for the

projection (K) of the angular momentum on the heavy ion-evaporated particle

separation axis. More specifically the decay width can be written as
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The quantitieSx}” and dh are the moments of inertia parallel and
perpendicular to the separation axis at the critical shape for alpha-particle
decay, whi?e'é& is the moment of inertia for the compound system. The
angular distribution is obtained by expressing the angle (o) between the
total angular momentum I, and the separation axis with unit vector A in terms
of the polar angles ¢' and 6'.

K=1cosa=1= Ixsine’cos¢‘ + Iysine‘sin¢’ + Izcose'e (2)

If the direction of the angular momentum is fixed, we may choose our
coordinate system such that Ix = Iy = 0 and IZ = I, Under this condition of

total alignment of the angular momentum, the angular distribution is given by

2. 2., 2050200
w(i)(e,) & exp -1 cog B = exp I swg ) ) (3)
ZKO " ZKO

This relation can also be derived from the Ericson and Strutinskizg
formalism by integrating over the distributions of orbital angular momenta
and energy of the emitted partic?esezg This expression has been employed in

the analysis of previously reported deepsineiastic15 and compound nucleus

dataago

Since there is good evidence for rather large misalignments of the

31

fragment spins in deep-inelastic reactions, this effect should be included

in the angular distribution formalism. If the spin alignment of one fragment

is described by Gaussian distributions in the Cartesian components of the

2

2 .
i and e then the light

. . 2
angular momentum with variances Oys O

particle detay‘width is given by32§27

rene!) ST e,

?\/ )

(121
R




~14-
with

s2(0 .41 = Kg 2 2 2 2

+ 65 c052¢' sin~0' + Gs sin2¢'sin o' + o, cos"0! (4b)

which gives a form similar to equation 3 for the angular distribution,

By fitting equation 5 to an out-of-plane distribution one can extract the
root-mean-square spin of the primary spin distribution biased by the angular
momentum dependence of a-particle emission. However, since it is reasonable
to expect that the fragment spin distribution will reflect the entrance
channel angular momentum distribution, one can take the formalism a step
farther by folding in this distribution. If the fragment's spin distribution

is taken to be of the form 21 and bound by Imin and Ima , then the angu-

X
lar distribution is given by

Lmax r (840"
0(81,6') = 4 L (6)

I . T
min

This expression depends upon the relative magnitude of the alpha and neutron
total decay widths. These widths can be determined from experimental data

or the ratio,

r ?
?g_: AeI g (7a)
1§
where A = 2 exp ée(BEa + B - BEn)/T} and (7b)
w/ 1
B = mpl— = . (7c)
A7)

In the expression for A, BE@ and CB@ are the a-particle binding energy and
Coulomb barrier for a-particle emission, while BEn is the neutron binding

energy. The parameter B accounts for the change in the relative a/n decay
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widths as a function of angular momentum. This parameter depends upon the
moment of inertia of the residual nucleus after neutron emissionsxj;9 as
well as @ﬁ and the nuclear temperature‘(T), If the ratio Fa/Fn is small,
then Iy v T, and the integral in equation 6 can be evaluated, with the

analytical result,

=100 A -17 A
w3 eren) = (e ™M e ™) s(er, g0 (8a)
C SZ !
where A = W%T%T - B (8b)

If Td is not much smaller than Tn then the integral in equation 6 can be

solved for TT_: Ih + Fa to yield the more complicated expression given

below:
)
-0, A
w(4)(9|9¢:) o (Qm-in e min (ga)
where
-p1’ 14
Qi = 1n(e + A) /2B + 5= (9b)

For comparison we have fit the data shown in fig. 9a to the four forms of
the angular distribution described above. The calculation of the input

parameters as well as the extracted spins are discussed in the next section.

V. Results and Discussion

The root-mean-square spin values for the heavy fragment, extracted as a
function of exit channel charge asymmetry, are shown in table 2. The errors
lTisted in this table represent only the statistical error. The columns

correspond to different levels of sophistication in the formalism used to
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extract the spins. The spins in columns a and b both result from fitting
equation 3 to the out-of-plane distributions. These two sets of spins differ
only in the method used to calculate Kga To generate the spins in the

first column we took the critical shape for decay of the g-particle-residual
nucleus system as two touching spheres. With this model the moments of

inertia are given by

J“ = J; jl =J+ pdz =S+ U(VOMW3 + Ron)z . (10)

Here, J is the moment of inertia of the residual nucleus and is equal to 2/5
MRZ@ We have used Ra = 2,53 fm and ro = 1.225.

The trend of these extracted spins agrees with the predictions of rigid
rotation of the deep-inelastic complex consisting of two touching spheroids.
However, the magnitudes do not agree with the results from y-ray multiplicity
work. Both previous work6 and the present study obtained values for MY of
less than 25 for all measured asymmetries. The total spins obtained from the
MY data are shown in the Tast column of table 2. A comparison of these total
spins (column g) with the individual spins (column a) extracted with
equation 3 assuming a spherical critical shape for a-particle decay clearly
indicates that the use of this configuration results in an overestimate of
the fragment spin.

For the second column in table 2 the critical shape was taken as the
equilibrium configuration of the rotating fragment-o complex in a spheroid-
sphere model. This configuration is more extended along the separation axis
than two touching spheres. This results in a reduced value of Kg and in
smaller spin values. This reduction in Kg improves the agreement between
the spin values extracted from the MY data and the a-particle distributions.
This improved picture of the a-particle-residual nucleus system is used in

the subsequent formulations of the angular distribution.
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The spin misalignment is introduced by means of eq. 5. In employing
this eguation we have set S Gy %0, =0, This approximate equality fis
suggested for near symmetric exit channels by our observation of a flat
in-plane angular distribution as well as by theoretical worke33 With this
assumption S is no longer a function of angle, i.e. S2 = Kg + GZQ The
values of 62 were calculated using the model of Ref. 33. The inclusion of
misalignment increases the spins by 2 to 3 1 (Table 2, compare columns b and c).
The importance of the misalignment on the extracted spin value is related to
the relative magnitude of 02 and ng In our case OZ/KS vo1/4:
thus, including 02 changes S2 by v25% and therefore the fragment spin by
only ~v10%. It is also clear from this ratio that in order to extract
misalignments from light particle angular distributions, one needs to have
very accurate values of Kg as well as the fragment spins.

The spins contained in the next two columns of table 2 (d and e) are
obtained from the spin-integrated forms of the angular distribution, respec-

tively equations 8 and 9. The lower Timit of integration, I was

min®
estimated from the lowest % wave, Qmin’ leading to a nonevaporation residue
event and then assuming rigid rotation of the intermediate complex. The
value of zmin was calculated from the evaporation residue cross sect‘ionz3
in conjunction with the sharp cutoff approximatibng++ The parameter A was
estimated from the total a-particle multiplicity considering the contribution
to this multiplicity from second chance emissions. The spins from these

integrated forms (columns d and e) agree within 5% of those obtained from

the unintegrated form (column c).
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The effect of gating on high MY events is seen in figure 11. Equation 8
was used to extract spins from the distributions with and without the
requirement of at least two coincident Y rays. Gating on high MY avents
increases the average fragment spin by selecting out of the spin distribution
the higher spin events., The average increase in spin per fragment is
approximately 2 h. |

Figure 11 also shows the rigid rotation prediction (curve) for two
equally deformed spheroids. The predicted dramatic increase in fragment spin
with increasing asymmetry is observed in the data (solid points) with the
possible exception of the very asymmetric charge splits. In fact, rigid
rotation of the intermediate complex is indicated by all of the methods of
spin extraction described above (see Table 2).

The deformation of the DI complex is reflected also in the fragment

kinetic energies. The fragment energies for two equally deformed spheroids

is given by
2
ELZMMEM ZLzH“QFE]z ) ()
L H 2 ud '

where the Coulomb correction factor (F), the distance between centers (d),
and the relative angular momentum (2re1) are deformation dependent.

In Fig. 12a the experimental fragment kinetic energies, corrected for
evaporation, are compared to calculations for several deformations. The
calculations are for equally deformed spheroids separated by 1 fm. In this

model, a ratio of axes (C/A) of about 2 is needed to reproduce the data,
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indicating that the nuclei are substantially deformed. In Fig. 12b both
individual spins and the sum of the fragment spins are presented along with
rigid rotation predictions. These predictions are again for equally deformed
spheroids with a ratio of axes of 2 separated by 1 fm. In the lower portion
of this figure individual spins extracted from the a-particle distributions
as described previously are shown (solid circles). Above this are plotted
the sum of the spins of both fragments as determined by two independent
methods. In the first method rigid rotation is invoked to determine the spin

of the light fragment (I, ) from the value of IH extracted from the out-of-

L)
plane a-particle distributions. Independently, we utilized the experimental

MY data and the relation, IH + IL = Z(MY

for the angular momentum removed by neutrons and o-particles were done

- 6) + Ipa The corrections (Ip)

following the prescription described in Ref. 34. These corrections average
28% and are therefore essential for a quantitative comparison between spins
derived from MY and out-of-plane o-particle distributions. Both methods
yield results that are relatively independent of mass asymmetry as has been
observed in previous worke697935 Since the calculations which assume rigid
rotation and a constant 2-window (see Fig. 12b) also exhibit only a weak mass
dependence for the range of asymmetries populated in this system, it is
difficult to draw any firm conclusions concerning rigid rotation from the
change in the sum of the spins with mass asymmetry. It should be noted,
however, that large deformations are again needed in order to obtain quanti-
tative agreement with the summed spins, as is the case for the individual
spins and the kinetic energies.

The sum of the spin values reported here agree with previous My,work on
the same system,6 This previous work provided evidence that the failure

of the y-ray multiplicity to increase with increasing mass asymmetry, a trend
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clearly seen in the very heavy systems Kr + Ho and Kr + Au, was due

6,36

to an L-wave fractionation with exit channel mass asymmetry. The

evidence presented in Refs. 6 and 36 for L-wave fractionation in the nearly

symmetric 84Kr 4 nat

Ag system was much weaker. This is due to the fact

that the experimentally accessible exit channels are near symmetric and thus
even rigid rotation with a constant 2-window predicts a weak dependence of
the sum of the spins on mass asymmetry. This is clearly seen in Fig. 2 of
Ref. 6 as well as in the top portion of Fig. 12b. However, because an
individual fragment spin is a much more sensitive probe, we see a strong rise
in the individual fragment spin as a function of increasing asymmetry, which
is the fingerprint of rigid rotation and a constant Z-window. This does not
completely exclude the possibility of some %-fractionation for the Kr + natAg
system and there is some evidence for it at the largest mass transfers (see

fig. 11 or 12b), where the measured spins fall below the rigid rotation

calculation.

VI. Summary and conclusions

We have measured in- and out-of-plane a-particle distributions in
coincidence with deep-inelastic projectile-like fragments for the reaction
664 MeV 84Kr + natAge At angles equal "to or Targer than the target recoil
direction, the energy spectra are well described by evaporation from a fully
accelerated target recoil nucleus. Furthermore, the in-plane distribution
of alpha particles in the rest frame of the emitter is isotropic for angles
greater than the recoil direction. In contrast, the out-of-plane distribu-
tions have an anisotropy of approximately 2 and show a dependence on the

number of coincidence v rays and the mass asymmetry of the deep-inelastic

exit channel. From these out-of-plane distributions the spin of the emitting
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nucleus was extracted. These spins, along with those extracted from a
simultaneous y-ray multiplicity measurement, have been used to study the
transfer of orbital angular momentum into intrinsic spin and its partitioning
within the dinuclear complex. These data provide unambiguous evidence for
rigid rotation of the intermediate complex. Furthermore, large deformations
are indicated by three sources: fragment kinetic energies, spins extracted
from the out-of-plane o-particle distributions, and those deduced from
y-ray multiplicity data. »

This work was supported by the Director, Office of Energy Research,
Division of Nuclear Physics of the Office of High Energy and Nuclear Physics

of the U.S. Department of Energy under Contract W-7405-ENG-48.
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¥ Due to the angular distributions of stretched E2 and E1 Yy radiation, to
obtain the maximum bias of the spin distribution it is desirable to
place Y-ray multiplicity detector array in the reaction plane.
Unfortunately, experimental limitations did not allow us to get any
closer to the reaction plane than 45° However, at any angle, the
requirements of a large number of coincident v rays should bias the
fragment's spin distribution towards large values.

++It turns out that the extracted spin values are quite insensitive to

I The spins extracted using the procedure to calculate Imin

min’
described in the text and those extracted with Imin = 0 are equal

within statistical ervror.



Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

T

Figure Captions
a) Velocity diagram for the reaction systém, Circles indicate the
most probable velocity for a-particle emission. The in-plane
projection of the out-of-plane angles is indicated. The dashed
arc indicates the detection threshold for the a-particle detectors.
b) Schematic view of the experimental setup. This figure depicts
the Z-telescope, with its in-plane angle ¢Z; Tight particle
telescopes with in- and out-of-plane lab angles ¢L and GL
respectively; and the array of Nal detectors with an out-of-plane
angle of 459,
a) Singles charge distribution in the lab system for

projectile-Tike fragments at ¢, = 267,

b) Singles total kinetic energy spectrum in the lab system
integrated over the Z-values shown in part a. Also shown is the
deep-inelastic gate (DI).

a) Singles alpha-particle energy spectra in the lab system for
three representative in-plane angles, see text.

b) Coincidence alpha-particle energy spectra in the lab system for
the same angles as part a, see text.

a) Singles a-particle angular distribution in the Tab system.

b) Coincidence in-plane a-particle angular distribution in the lab
system,

a) Intensity plot of the lab total kinetic energy vs.charge of the
projectile-Tike fragment for Z-a coincidence events.

b) Intensity plot of the calculated Tab recoil angle of the

undetected fragment vs. charge of the projectile-like fragment.



Fig. 6.

Fig. 7.

Fig. 8.

Fig. 9.

27
The correlation between the in- and out-of-plane angles for the
detection of a light particle in the lab system (¢L,6L) and

the angles in the rest frame of the moving source (¢RF’6RF) is
shown. The in-plane lab angle is measured from the recoil angle
rather than the beam direction. In this figure the velocity of
the moving source, the target-like fragment, is 1.44 cm/ns. This
was calculated from the kinetic energy of the projectile-like
fragment utilizing two body kinematics. The velocity of the
a-particle in the emittor's frame is 2.55 cm/ns, calculated from
the expected most probable emission energy. |
Coincidence alpha-particle energy spectra in the rest frame of the
target recoil. Both in- and out-of-plane angles are shown.
Alpha-particle energy spectra in the center-of-mass of the overall
system for three in-plane angles. These angles correspond to
center-of-mass angles of,4909 86° and 118°

Alpha-particle angular distributions in the rest frame of the
target-1like fragment in terms of the differential multiplicity.
For this figure the charge of the projectile-like fragment
satisfied the condition 26 <7 < 40. The small contribution from
the projectile-like fragment emission which is observed at forward
ang1e§ (see Fig. 7) has been subtracted.

a) In-plane distribution. The angle ¢RF = 0° corresponds to

the recoil lab direction. The dashed line is an average of the
eight points for ang?es larger than the recoil direction.

b) Qut-of-plane distribution. The solid line is a fit to the data.
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Alpha-particle ahgu?ar distributions as a function of out-of-plane
angle for several Z-bins. Each bin is 3 Z units wide and is
fabeled by the median Z value. The distributions without any
coincidence v-ray requirement a) are expressed in units of
differential multiplicity, whereas the distributions with two or
more coincident v rays b) are normalized to those in a) at 90°

for the same 7 bin. The solid lines are fits to the data (see
Sect. IV).

Spins extracted from the out-of-plane o-particle distributions
with (open circles) and without (solid circles) the requirement of
at least two coincident y rays. Error bars are shown when they
exceed the size of the symbol and indicate only the statistical
error. The rigid rotation prediction for deformed spheroids with
a ratio of axis of 2 and a separation of 1 fm is shown by the
solid line.

a) Center-of-mass energies as a function of the charge of the
light fragment. The width of the symbols indicate the uncertainty
in the primary charge (before evaporation). The curves are
calculations for two equally deformed spheroids separated by 1 fm
and are labeled by the ratio of axes. b) Plotted are: the spin of
the heavy fragment extracted from the a-particle distributions
(solid circles), the sum of spins calculated from a-particle data
(squares), and MY data (open circles). The sizes of the solid

symbols indicate the statistical error only.
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Table 1

g + 84Kr (664 MeV)

Out-of-plane

In-plane
Angle Absorber Solid Angle Absorber Solid
dDL/eL, material angle ¢L/6L material angle
(deg) (mg/cn®) (msv) (deg) (mg/cn’) (msr)
30.0/0.0 Ta 8.5 7.0 41,0/ 4.1 Ta 10.1 13.4
35.0/0.0 Ta 8.5 7.0 41.0/14.1 Ta 10.1 13.4
45.0/0.0 Ta 8.5 6.9 41,0/29.1 Ta 10.1 13.4
50.0/0.0 Ta 8.5 6.9 41,0/39.1 Ta 10.1 13.4
60.0/0.0 Ta 8.5 6.9 41.0/54 .1 Ta 10.1 13.4
65.0/0.0 Ta 8.5 6.9 41.0/64.1 Ta 10.1 13.4
75.0/0.0 Au 4.6 6.7
80.0/0.0 Au 4.6 6.7
90.0/0.0 Au 1.0 6.6
95.0/0.0 Au 1.0 6.6
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Table 2
51, I,,(h) Lo+ I (n)
' a b o d e f g
(M) (1) (2) (3) (4) (4) M
W w w ) w w Y
W26 |57 1139.8%0.9 | 27.3%0.6 |29.6%0.7 |28.4%0.3 129.2%0.2 ||36.8%0.3 |38.7%2.0
V29 |Vvh4 1138,0%0.6 | 26.5%0.4 | 28.9%0.5 | 27.7%0.2 [28.5%0.3 |138.2+0.5 | 39.9+2.0
V32 [V5T 1133.740.6 | 24.1+0.4 | 26.620.4 | 25.4+0,2 |26.2+0.2 ||37.7+0.4 | 40.8£2.0
V35 A8 130.3+0.5 | 22.140.4 | 24.6%0.4 | 23.6%0.2 | 24.340,2 ||38.0+0.4 | 39.2+2.0
V38 |45 |1 26.320.5 | 19.420.4 | 22.040.4 | 21.0+0.2 [21.5%0.2 ||37.8%0.4 | 35.4%2.0
1 A2 1 21.440.7 1 16.220.5 | 18.6+0.6 | 17.920.2 [18.3+0.2 |{36.1+0.4 | 36.7+2.0
. 2
a. Spherical KO
b. Equilibrium Kg
C. Equilibrium Kga misalignment
d. Equilibrium Ki, misalignment, integration over spin distribution
with FT = Fn
e. Same as d, but with FT =T +7T
n a
. Calculated from column e assuming rigid rotation

Calculated from experimental gamma multiplicities
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"“'ng +*Kr (664 MeV)
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nmAg + Kr (664 MeV)
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